abstract CONTEXT: The effect of diabetes during pregnancy on the cognitive development of offspring is unclear because of inconsistent findings from limited studies.
Globally, the prevalence of both pregestational diabetes mellitus (PDM) and gestational diabetes mellitus (GDM) are increasing significantly due to the rising rates of obesity, aging, and population growth. [1] [2] [3] [4] In women, the global prevalence of age-adjusted diabetes increased from 7.5% in 1980 to 9.2% in 2008. 4 An increasing future trend in the prevalence of diabetes is also projected across all countries worldwide. For instance, in 2011, there were 366 million people with diabetes, and over the next 19 years, this figure is expected to rise to 552 million. Substantial increases are expected in developing countries related to lifestyle changes after rapid urbanization, globalization, and aging. 5 Any type of diabetes during pregnancy is associated with poor maternal and perinatal outcomes. For instance, congenital malformation, 6 preterm birth, 7, 8 large for gestational age at birth/ macrosomia, 7, 9-11 and stillbirth 6, 10, 11 are significantly more common in offspring of diabetic mothers than nondiabetic mothers. Even offspring of mothers with borderline GDM have been found to be born too early and to be macrosomic. 12 Due to advances in medical care, offspring of mothers with diabetes are increasingly surviving the perinatal period. Consequently, the long-term effects of diabetes during pregnancy on later childhood health such as obesity/adiposity, mainly via large for gestational age at birth, has been clearly established. [13] [14] [15] In contrast, data regarding the longterm effects of maternal diabetes during pregnancy on the offspring's cognitive development are relatively limited and, when data are available, the findings are inconclusive. [16] [17] [18] [19] [20] [21] [22] [23] The mechanisms by which maternal diabetes during pregnancy is associated with the offspring's cognitive development are unclear. Excess glucose levels in patients with diabetes, a condition known as hyperglycemia, is hypothesized to cause cognitive impairment. 24 Animal models have shown that maternal diabetes during pregnancy is usually associated with hyperglycemia and that more glucose will pass to the fetus, and this action may hinder the cognitive development of the offspring. 25 Although not always found, 26 metabolic complications related to diabetes during pregnancy such as acetonuria, 27, 28 ketoacidosis, 20 and glycosuria 16 are also associated with offspring's cognitive impairment. It has been suggested by some investigators that offspring born to either mothers with PDM or GDM are more likely to have poorer cognitive and language development than those born to nondiabetic mothers. [28] [29] [30] [31] [32] [33] However, other investigators have either found no such associations 17, 18, 20, 22 or report contradictory findings. 23 To the best of our knowledge, systematically synthesized information on the associations between maternal diabetes during pregnancy and offspring's cognitive development, particularly in childhood, is lacking. The implications of such information are twofold: (1) it would provide decision-makers/clinicians with comprehensive information to deliver preconception counseling; and (2) it would enable the early identification of infants at future risk of cognitive development. It would also avail information for researchers to identify research gaps and guide future research development. Thus, the goal of the present systematic review was to provide the best available scientific evidence regarding the possible associations between maternal diabetes in pregnancy and the cognitive development of offspring.
METHODS

Data Sources and Search Strategies
The PubMed database was searched by using combinations of key words: (((((offspring) OR child*)) AND ((((((((((((("cognitive  development" ) OR "cognitive functions") OR "school performance") OR "educational outcomes") OR "language development") OR "neuropsychological tests") OR "mental development") OR neurodevelopment) OR "child development") OR cognition) OR intelligence) OR " IQ") OR "intelligence tests")) AND (((mother*) OR pregnan*) OR women)) AND (((((("type I diabetes") OR "type Il diabetes") OR "gestational diabetes") OR "diabetes insipidus") OR "diabetes mellitus") OR diabetes). Similarly, systematic searches were conducted in the Embase, CINHAL, PsycINFO, and Scopus databases using the same key word combinations tailored to each database until June 2015. These searches were limited to studies in the English language with human domain restrictions. Moreover, the reference list of all identified relevant records were searched for additional studies. The authors were not contacted for additional studies or data.
Study Selection
Studies addressing the cognitive and/or language development of offspring (aged ≤12 years) as outcome and either PDM or GDM or both as a main exposure or confounder were included in this systematic review. Reviews, commentaries, and case or descriptive studies lacking relevant control groups were excluded.
Records deemed relevant from the title screening were further evaluated by using the information available in the abstract by 2 independent reviewers (A.A.A. and L.R.T.) using the eligibility criterion. The same authors further evaluated the full records of those eligible articles from the abstract review. Disagreements were resolved by face-to-face discussions and through joint review of the records. The third author helped resolve any disagreement between the first 2 reviewers (Fig 1) .
Data Extraction
Data on the first author, publication year, country, study design, sample size, offspring's age at follow-up, diabetes type and assessment, cognitive type and measurement, confounders accounted/adjusted for, and main findings between maternal pregnancy diabetes and offspring's cognitive development were extracted by the reviewers by using a standardized data extraction format (Table 1) .
Quality Assessment
The Newcastle-Ottawa quality assessment scale for case-control and cohort studies 34 was used to assess the quality of included studies. Two modifications were made: a "nonblind standard assessment" option was included in the outcome subsection of the cohort studies assessment scale and "the length of follow-up for the outcome to occur" criteria was omitted because the goal of this systematic review was to examine the effect of any diabetes during pregnancy on cognitive development of offspring to the age of 12 years. Consequently, a slightly modified score ranging from 0 (most likely biased) to 8 (highly unlikely to be biased) was calculated for each study.
Data Synthesis and Analysis
Meta-analysis was not performed because of heterogeneous cognitive outcomes and having too few studies that adjusted for potential confounders. Instead, a narrative review and qualitative summarizations were undertaken (Table 2) .
RESULTS
A total of 1295 records were identified with English-language and human domain restrictions. After removal of duplicates, the titles of 847 articles were screened; 679 were identified as not relevant or as further duplicates. The abstracts of 168 articles were then evaluated independently, and 111 records were excluded. Subsequent fullrecord evaluations of 68 articles resulted in a total of 19 eligible studies. However, 2 studies 35, 36 were further excluded because they were published with the same populations used in 2 included studies. 18, 20 In addition, 5 relatively different studies 22, 32, [37] [38] [39] were conducted by using the same cohort study with varied sample sizes. All reported global cognitive development as a secondary outcome or confounder at the age of 1 year 32, 37-39 and 4 years. 22 None of these studies primarily aimed to evaluate the global cognitive development of offspring of mothers with diabetes mellitus (ODM). Therefore, we included Nelson et al 32 (ie, better sample size and relatively recent) and Townsend et al 22 (ie, cognitive development was measured at the age of 4 years by using the Wechsler Intelligence Scale for Children) in the review. Overall, 14 studies [16] [17] [18] [19] [20] [21] [22] [23] [28] [29] [30] [31] [32] [33] were eligible for the present review.
Quality Assessment
Using the adapted NewcastleOttawa quality assessment scale, the scores for each study ranged from 2 to 6 (from a total of 8). In addition to low overall scores, the following quality concerns were observed: one-half of the studies reported unadjusted results; in all studies (except 1 report 30 ) the population was obtained from unrepresentative populations, mainly from hospital facilities; and 7 of 14 studies 16, 17, 22, 23, 29, 31, 33 reported the use of standard cognitive development assessment tools but failed to provide or report blind assessment.
Study Characteristics
The 14 studies were conducted between 1969 and 2015. The offspring's age at cognitive assessment ranged from 6 months 3
FIGURE 1
Flow diagram of studies included in the systematic review of maternal diabetes during pregnancy and childhood cognitive development.
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Association Between PDM and Offspring's Cognitive Development
In 1969, Churchill et al 28 reported the negative associations between maternal diabetes in pregnancy (ie, both PDM and GDM) and offspring's cognitive development. They administered the MDI at age 8 months (n = 121) and the Stanford-Binet Intelligence Scale at age 4 years (n = 231). In this study, maternal diabetes during pregnancy with acetonuria was associated with lower MDI and IQ scores. ODM, complicated by acetonuria, scored ∼2.5 and 7 points lower in MDI and IQ scores, respectively, compared with offspring of mothers without diabetes. However, in the absence of acetonuria, ODM had MDI and IQ scores similar to control subjects.
In 1991, Rizzo et al 20 conducted a cohort study of 89 offspring of mothers with pregestational diabetes mellitus (OPDM), 99 offspring of mothers with gestational diabetes mellitus (OGDM), and 35 control subjects aged 2 to 5 years. The study examined the correlation between maternal metabolism during pregnancy and offspring's cognitive and behavioral functioning. Accordingly, the MDI scores of the offspring correlated inversely with the mother's third-trimester plasma β-hydroxybutyrate levels, and the Binet's IQ scores correlated inversely with the mother's thirdtrimester plasma β-hydroxybutyrate and free fatty acid levels. However, the investigators found similar MDI and Binet's IQ scores among groups. In support of this outcome, Ornoy et al, 18 using 32 OGDM, 57 OPDM, and 57 control subjects matched on age, socioeconomic status (SES), gestational age, birth order, and family size, reported similar Wechsler's IQ scores across these groups. Despite lack of statistical significance, OGDM scored 5 points below control subjects.
Nelson et al 32 aimed to evaluate cross-modal recognition memory of infants, and they provided a simple MDI score comparison (unadjusted) between 52 ODM and 75 control subjects at the age of 1 year. They found a significant difference between these groups (mean ± SD, 100 ± 9 vs 104 ± 8; P < .03). However, using a small subset (15 ODM and 15 control subjects) of the same population but at the age of 4 years, Townsend et al 22 supported the null association between maternal diabetes during pregnancy and offspring's cognitive development as measured by using Wechsler's IQ scale. The investigators failed to provide explanations for this discrepancy except for the cognitive measurement variations.
In another study, Sells et al 21 examined the neurodevelopmental outcomes of offspring born to mothers with insulin-dependent PDM. The study included 109 OPDM (70 early entry and 39 late entry) and 90 control subjects, and the investigators administered various cognitive and language development measures at 6 to 36 months of age. In this study, PDM was significantly associated with lower scores of language development in late-entry groups, although this association was not observed between maternal PDM and offspring's MDI and the Binet IQ scores.
Hod et al 31 confirmed the negative association in 31 OPDM and 41 control subjects at 1 year of age between maternal PDM and offspring MDI; OPDM scored 7 points below control subjects (91 ± 9 vs 98 ± 12; P < .05). Similarly, Yamashita et al 33 found significantly lower TanakaBinet IQ scores in 15 OPDM (98 ± 17) compared with 15 control subjects (113 ± 15; P < .0001). However, both studies failed to account for any potential confounder.
Bonilla et al 29 (n = 6272) and Fraser et al 16 examined the cognitive development of offspring born to women with PDM and GDM at the age of 4 and 8 years in 2 different large cohort studies. Bonilla et al reported that maternal diabetes during pregnancy was negatively associated with Wechsler's IQ scores; ODM scored 3.5 (95% confidence interval, -5.6 to -1.5; P = .001) points lower compared with offspring of women without diabetes. The investigators did not report the outcomes according to diabetes type, failed to account for potential confounders such as SES and prepregnancy BMI, and did not provide information about the nature and size of the control group. Fraser et al also reported that both PDM and GDM were associated with lower offspring school entry assessment (age 4 years, ∼5849 children) and Wechsler's IQ (age 8 years, ∼5124 children) scores. However, after full adjustments were made for various confounders, the negative associations persisted only between maternal GDM and verbal IQ (mean difference, 9.92) scores. Despite full model adjustment, Fraser et al acknowledged the presence of the small number of mothers with diabetes (∼44) and a significant loss to follow-up (ie, IQ data were available for ∼49% of the cohort).
Association Between GDM and Offspring's Cognitive Development
Although the associations between maternal GDM and offspring's cognitive development was separately reported in 7 studies, 16-20, 23, 30 only 4 studies 17, 19, 23, 30 exclusively addressed GDM. Hence, to avoid repetition, only the last 4 studies are presented here.
In a retrospective cohort study, Ornoy et al 19 compared the neuropsychological function of 32 school-aged children born to mothers with well-controlled GDM and 57 control subjects matched according to age, birth order, and parental SES. Although the study was underpowered and lacked any adjustment for confounders, the younger aged (ie, 5-8 years) OGDM scored 8 points (107 ± 11 vs 115 ± 11) and 10 points (111 ± 14 vs 121 ± 8) lower in Wechsler's verbal IQ and full-scale IQ scores, respectively, than control subjects; such associations were not observed in older children (aged 9-12 years) or on the performance IQ scale.
Dionne et al 30 compared OGDM and control subjects (aged 1.5-7 years) in various language development measures. In this study, OGDM scored between 0.27 and 0.41 SD below control subjects on expressive vocabulary and grammar at 18 and 30 months. At 72 and 84 months, maternal GDM was also associated with lower mean scores in oral communication. In both cases, the model was adjusted for gender, gestational age, birth weight, Apgar score, gestational by guest on August 16, 2017 Downloaded from hypertension, alcohol use, and smoking in pregnancy. The same authors also reported an odds ratio of 2.2 (95% confidence interval, 1.4 to 3.5) for the risk of language impairment. At 42 and 60 months of age, no differences between OGDM and control subjects on expressive and receptive vocabulary were observed. In addition, the groups did not differ in mean reading and math scores.
In contrary, Veena et al 23 reported that maternal GDM was associated with higher mean cognitive scores of long-term retrieval/storage, verbal ability, attention, and concentration; these scores were measured by using the Kaufman Assessment Battery for Children, the Wechsler Intelligence Scale for Children, and other cognitive tests in 32 school-aged OGDM and 483 control children after adjustments were made for various confounders. The investigators acknowledged the relatively small number of OGDM and requested larger studies.
More recently, Nomura et al 17 examined the independent and synergistic effect of maternal GDM and low SES on the cognitive and language development of 21 OGDM and 191 control subjects. They compared preschool-aged children (aged 3-4 years) exposed to 1 of 4 conditions: neither mother's GDM nor low SES (n = 97); mother's GDM but not low SES (n = 12); no mother's GDM but low SES (n = 94); and both mother's GDM and low SES (n = 9). From these pairwise comparisons, they found that children born to both diabetic and low SES mothers had lower verbal and full-scale IQ and language composite scores on the Wechsler Preschool and Primary Scale of Intelligence. Compared with the first group, maternal GDM alone was also significantly associated with lower cognitive (full and verbal IQ) and language development but with attenuated effect sizes.
DISCUSSION
To our knowledge, this article is the first systematic review to examine the associations between maternal diabetes during pregnancy and childhood cognitive development. We found a few geographically limited studies, the majority of which were small and did not adjust for important confounders. Although not conclusive, 8 of the 14 studies seemed to support the negative association between maternal diabetes during pregnancy and offspring's cognitive and language development. Generally, the effect sizes were heterogeneous, varying from -1.30 to 0.54. Effect sizes were consistently larger for language development compared with performance IQ, suggesting that the latter is less likely to be affected by maternal diabetes during pregnancy. The finding has relevant clinical implications because the prevalence of GDM and type 2 diabetes mellitus are increasing. 3, 40 It is worth noting, however, that the evidence is from limited observational studies (ie, whether the observed association was exclusively due to diabetes during pregnancy, its complications, or confounders was unclear with the available evidence).
Most of the studies 16, 29, 30 conducted with relatively larger sample sizes, totaling ≥2833 offspring, produced consistent negative associations. Others that failed to detect such associations were conducted with smaller sample sizes 18, 20, 22 and therefore had less power to detect true differences between groups.
Only 2 of the 14 eligible studies 16, 23 fully accounted for potential confounders such as maternal prepregnancy BMI, SES, maternal age, alcohol use, and smoking during pregnancy and offspring-related covariates. Maternal prepregnancy overweight/obesity is a well-known strong predictor of both maternal PDM (particularly type 2 diabetes mellitus) and GDM. 41 For instance, in the United States, >80% and 49% of patients with diabetes were found to be overweight and obese, respectively. 42 Together with the increasing trend of overweight and obesity and the subsequent effect of these conditions on maternal diabetes, 5 the relationship between these factors and later cognitive development of the offspring must be better understood. To date, there have been only a few studies to show the independent associations of maternal prepregnancy obesity and offspring's cognitive development. [43] [44] [45] Hence, studies in the present review that perceived a negative association between maternal diabetes during pregnancy and offspring's cognitive development could have been confounded by maternal prepregnancy obesity.
Studies in young offspring consistently found that both maternal PDM and GDM reduced their cognitive and language development, whereas the majority of the studies in older children showed no effect of maternal diabetes on their cognitive development. This outcome suggests that either the intrauterine effect of diabetes may diminish as children get older or postnatal factors such as SES 30 accounted for the association. Alternatively, the effect of diabetes in pregnancy may be reversible as the cognitive abilities in young children are prone to changes, mainly to their home environment. 46 Maternal SES, measured according to maternal education, occupation, and income, is a powerful determinant of health. In a recent systematic review, 47 SES was a significant confounder in the association between preterm birth and cognitive deficit, and these investigators recommended the need to adjust the role of SES in studies reporting child cognitive development. Similarly, Nomura et al, 17 included in this systematic review, revealed a negative synergistic effect of maternal low SES and GDM on offspring's IQ and language development. Moreover, a large cohort study 48 using data from Swedish population registers found lower IQ scores in nonsibling men born to diabetic mothers, but no such association was seen within sibships discordant in their exposure to maternal diabetes in pregnancy; these findings reflect the role of the shared environment (specifically SES). However, few of the included studies matched control subjects on the basis of SES 19 or adjusted for SES 16 in the relationships between maternal diabetes during pregnancy and offspring's cognitive development. Likewise, other potential confounders, including maternal age, 49, 50 alcohol use, 51, 52 and smoking during pregnancy, 53 and offspring-related covariates, such as gestational age 54 and birth weight, 27, 55 were rarely adjusted for in these studies.
A review by Ornoy 56 concluded that the cognitive ability of offspring born to mothers with well-controlled diabetes is usually normal. Despite substantial challenges, maternal metabolism control has multiple benefits, including but not limited to reduction of perinatal adverse outcomes and long-term effects in offspring exposed to maternal diabetes in pregnancy. 57 However, the conclusion was offered from limited, mainly small 18, 20, 21 and descriptive 26, 27, 58 studies. In addition, mixed results have been reported, with null or positive associations between different measures of maternal metabolic control and diverse measures of cognitive ability. 26, 29, 33, 39 Even with well-controlled maternal diabetes, offspring's cognitive development has been found to be significantly impaired. 19, 31 Regardless of maternal metabolic control, in our systematic review, 1 study 16 fully adjusted for potential confounders with relatively good power, as well as other studies 19, 21, [29] [30] [31] [32] [33] that partially adjusted for potential confounders, reported significantly impaired cognitive development in offspring born to mothers with either PDM or GDM.
In contrast, in school-aged Indian children born to a population with higher rates of diabetes in pregnancy (6.9%), Veena et al 23 reported higher cognitive scores on a variety of cognitive measurements in OGDM compared with offspring of women without GDM. The investigators reported that GDM has been positively associated with higher SES, unlike in developed nations, and hence the observed association could be attributable to residual SES confounders. Although there are no data regarding the maximum threshold of maternal glucose level that is deleterious to the growing fetus, Veena et al and others 29, 48 reported positive associations between maternal glucose levels during pregnancy and offspring's cognitive scores. An optimal maternal glucose level during pregnancy is vital for the growing fetus. However, tight glycemic control is usually associated with hypoglycemia, a condition which, if it occurs repeatedly, could lead to impaired cognitive development. 59 The observed discrepancies between some of the studies that found negative, 30, 33 null, 18, 20, 22 and positive associations 23 could also be partly due to cognitive test variations and the subsequent different cognitive outcomes. The effect of maternal diabetes in pregnancy may vary according to specific types of cognitive domains, as reflected by heterogeneous effect sizes. However, we are unaware of any evidence supporting this suggestion. Various cognitive development measurements of offspring, obtained from self-report to highly standardized and blindly administered tools, were used. In addition, despite the utilization of standard cognitive measurement tools, one-half of the studies 16, 17, 22, 23, 29, 31, 33 failed to provide or report blind outcome assessment. Assessors' awareness of exposure status in randomized controlled trials has been found to be a source of information bias 60 ; it may also be a problem in observational cohort studies that did not commence as case-control designs. Likewise, maternal diabetes status was obtained either from hospital records, interview, or from objectively measured but varied glucose tolerance test results. These variations in measurement may also have contributed to the observed inconsistencies (eg, between Nomura et al 17 and Fraser et al 16 ). Moreover, universal GDM screening was not available in these studies, 16, 17 and it is possible that control subjects could have GDM. If so, this finding may have diluted the associations.
Some of the strengths of this systematic review are that it included studies without time restriction, employed independent reviewers, and used a standardized quality assessment tool. However, publication bias in the included studies is an inevitable limitation. A recent systematic review revealed a strong tendency for publication of positive or significant results. 61 In addition, we restricted our systematic review to published articles and did not contact experts for additional data. Although we excluded limited studies through language restriction, relevant studies could have been missed from this restriction. More importantly, metaanalysis was not performed because of the limited number of studies with diverse cognitive outcomes and model adjustment.
CONCLUSIONS
Few data are available regarding the influence of maternal diabetes during pregnancy on the subsequent cognitive development of offspring. The present review found that maternal diabetes during pregnancy seems negatively associated with offspring's childhood cognitive development. The effect was substantial in the offspring's language development during a young age, particularly verbal IQ. However, the extent to which the observed association is due to potential confounders such as prepregnancy obesity, maternal SES, or other confounders is unclear. The use of diverse cognitive and diabetes assessment tools and criteria, sample size, and population differences contributed to the inconsistent findings. Larger prospective studies that address potential confounders are needed to confirm the independent effect of maternal diabetes on cognitive development of offspring. Future research must also determine whether the negative association is due to maternal diabetes itself or to metabolic complications. 
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